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Abstract: Metal-halide perovskites are a class of solution processed materials with 
remarkable optoelectronic properties such as high photoluminescence quantum yields and 
long carrier lifetimes, which makes them promising for a wide range of efficient photonic 
devices. In this work, we demonstrate the first successful integration of a perovskite laser 
onto a silicon nitride photonic chip. High throughput, low cost optical lithography is used 
followed by indirect structuring of the perovskite waveguide. We embed methylammonium 
lead tri-iodide (MAPbI3) in a pre-patterned race-track microresonator and couple the emitted 
light to an integrated photonic waveguide. We clearly observe the build-up of spectrally 
narrow lasing modes at room temperature upon a pump threshold fluence of 19.6 µJcm
-2
. Our 
results evidence the possibility of on-chip lasers based on metal-halide perovskites with 
industry relevance on a commercially available dielectric photonic platform, which is a step 
forward towards low-cost integrated photonic devices. 
 
1. Introduction 
Since the two first reports on solid-state hybrid perovskite based solar cells in 2012 [1,2], 
there has been a world-wide growth of research on these materials, including their 
implementation in promising light-emitting devices [3,4]. In particular, these novel systems 
are also being explored as active materials for high quality lasers albeit fabricated via solution 
processing methods [5]. The first optically pumped laser based on hybrid perovskite 
semiconductors was made of a polycrystalline thin film of Cl-doped MAPbI3 inside a vertical 
cavity consisting of a dielectric mirror at the bottom and gold evaporated on top [6]. Since 
then, several examples of perovskite based lasers were reported including nanowire [7], 
nanoplate [8], distributed feedback (DFB) [9] and disc [10] lasers with thresholds of 220 
nJcm
-2
, 37 µJcm
-2
, 40 µJcm
-2
 and 2.75 µJcm
-2
  respectively. With amplified spontaneous 
emission (ASE) observed via optical pumping of perovskite thin films even with pulses 
longer than 100 ns [11], these devices show a great promise for continuous wave lasing. In 
addition, the efficient and balanced ambipolar carrier transport [3] in MAPbI3 suggests the 
possibility of building electrically pumped lasers. 
Silicon nitride integrated photonic platforms are widely used in applications ranging from 
telecommunication [12,13] to biosensing [14]. Next to the more mature silicon-on-insulator 
(SOI) technology they are candidates for (on-chip) optical interconnects, which could replace 
electrical interconnects offering higher bandwidth and higher energy efficiency [15]. 
Additionally, the dielectric properties of silicon nitride yield high quality integrated photonic 
devices useable over a broad spectral range, including visible wavelengths [16]. The 
drawback of both silicon nitride and SOI platforms is that there are no native light sources 
available for them. Therefore external sources have to be used, leading to increased 
packaging and/or assembly costs as well as to significant coupling losses and hence higher 
required energy per transferred bit [17]. 
Integration of an efficient light source on chip is highly desired. Extensive work has been 
undertaken to combine active materials with Si3N4 waveguide wafers by adding additional 
materials such as III-V semiconductors [18], which require epitaxy or bonding of III-V 
materials to a silicon nitride waveguide wafer. In another example colloidal quantum dots 
were used for an optically pumped laser by embedding them in a Si3N4 disc raised on a Si 
pillar [19], which required a rather elaborate fabrication. Both approaches could be, in 
principle, used for integrated light sources, however complexity of fabrication would limit the 
industrial relevance due to high costs. Perovskites, on the other hand, are processed at low 
temperatures from solution by simple and scalable methods [20], which enables them to be 
easily added to existing photonic integrated circuits (PICs), making them a great alternative 
for on chip light sources for the silicon nitride waveguide platforms. 
Previously demonstrated perovskite microlasers [7,8] were obtained by crystal growth, 
which is problematic for integration with classic, top down large scale PICs. To benefit from 
straightforward, low-cost integration on silicon nitride PICs the perovskites must be 
patterned. This is nontrivial as perovskites are not compatible with chemistry and processing 
required for optical lithography. Recently top-down patterning of MAPbBr3 perovskite by e-
beam lithography with poly(methyl methacrylate) (PMMA) resist has been 
demonstrated [10]. Although remarkable results have been achieved, this method is limited by 
low throughput of e-beam systems and risk of cross-contaminating other samples processed in 
the same tools with elements contained within perovskites (such as Pb, Br and I). Moreover, 
to this moment, no integration with commercial photonic circuitry was demonstrated.  
In this work we present a low-cost, high throughput process flow for fabrication of 
perovskite devices integrated with silicon nitride photonic chips. It can be combined with 
existing silicon nitride PIC process flows. Also, it can be used as a photonic test platform for 
various organo-metal halide perovskites or any other solution processed materials with 
refractive index high enough to obtain a guided mode (e.g. F8BT [21]). As a proof of concept 
we present a MAPbI3 ring laser integrated with a Si3N4 photonic integrated circuit.  
2. Laser design 
We chose a racetrack resonator (Fig. 1(a)) as a perovskite feedback structure rather than 
Bragg gratings and photonic crystals due to its lower lithography resolution requirement (500 
nm vs. sub 250 nm) as well as its higher robustness to fabrication errors. Additionally, using a 
racetrack resonator enables transfer of light, generated by pumping with a focused laser beam, 
to a silicon nitride waveguide by evanescent field coupling using a vertical directional coupler 
(Outlined in Fig. 1(a), cross section in Fig. 1(b)). Our device contains two layers: a silicon 
nitride photonic circuit layer and a perovskite device layer above. The basic building block - 
the perovskite waveguide - is fabricated by filling the trench etched in SiO2 cladding layer by 
spincoating liquid perovskite precursor (details in section 3), which leaves also a thin film on 
the entire chip surface. To obtain well defined waveguides by this method the trenches have 
to be deep and narrow, so that the thin film do not affect the guided mode, which should be 
confined closer to the bottom of the trench. This reduces bending losses caused by guiding of 
light by thin film on the surface and increases coupling efficiency of the vertical directional 
coupler. The design aimed at ~1% coupling efficiency to Si3N4 waveguide in order to output 
measurable power of the generated light and maintain high quality (Q) factor of the resonator. 
 Fig. 1. (a) Sketch of the racetrack perovskite laser. (b) Cross section of the coupling region. 
The perovskite waveguide width was set to 500 nm limited by the lithographic tool 
resolution. The depth of 450 nm was chosen as a tradeoff between confining light away from 
the surface film and providing enough evanescent field for coupling with the single mode 
Si3N4 nitride waveguide (500 nm wide and 200 nm high). Both waveguides support TM and 
TE fundamental modes. Because perovskite waveguide mode was strongly confined due to 
high refractive index of MAPbI3 the coupler gap was set to only 50 nm to increase coupling. 
Additionally, a straight section of length L was added to the ring to enlarge the coupling 
coefficient. Different types of couplers with varying lengths (2.5 µm, 6.7 µm and 11 µm) 
were fabricated and tested. A calculation of the group index (ng) of the mode based on 
refractive index (n) values obtained by P. Loeper and M. Stuckelberger [22] resulted in ng ≈ 6. 
This relatively high value of ng is due to the strong dispersion of the dielectric function of 
MAPbI3. Because of that the curvature radius of the racetracks of 15 µm was chosen to ensure 
that the free spectral range (FSR) between the resonances is high enough to distinguish the 
resonance peaks (approx. 1 nm) and that the bending loss is low. 
3. Indirect patterning of perovskite waveguides 
For the fabrication of perovskite waveguides an indirect patterning approach is used because 
MAPbI3 is damaged by the chemicals typically used for optical lithography. In Fig. 2(a-d) the 
fabrication process of an example perovskite resonator integrated with silicon nitride photonic 
circuit is schematically shown. Devices were fabricated on 6” silicon wafers with 2.2 µm of 
thermally grown SiO2. 200 nm of silicon nitride were deposited by a low pressure chemical 
vapor deposition (LPCVD) process from dichlorosilane and ammonia gases. Silicon nitride 
waveguides were patterned by optical lithography with a Canon i-line stepper and etched in 
an inductively coupled plasma reactor using CHF3 and helium gases (Fig. 2(a)). This was 
followed by a LPCVD deposition of 850 nm of SiO2 (low temperature oxide - LTO) by silane 
and oxygen reaction. Planarization of the SiO2 surface was done by spin coating spin-on glass 
(SOG) and subsequent etching in CHF3 plasma. The process cycle of SOG coating and dry 
etching was repeated twice, leaving only a 20 nm level difference between the LTO surface 
above and away from silicon nitride waveguides. Hence, about 100 nm of LTO was 
consumed during these planarization steps (Fig. 2(b)). Next, trenches were patterned by the 
same lithographic technique and etched in CHF3 and Ar plasma. As no etch stop layer was 
present, etching was done in steps to carefully control the etch depth with an ellipsometer 
(Fig. 2(c)). Finally, wafers were diced into separate chips.  
For the synthesis of MAPbI3, solvent engineering was used [23]. The precursor solution 
was prepared by mixing PbI2, methylammonium iodide and dimethyl sulfoxide in 
dimethylformamide. The solution was spin coated in glovebox conditions on PICs, which 
were treated with oxygen plasma shortly before. Samples were spun at 4000 rpm and toluene 
was dripped after 6 s to promote fast crystallization and reduce the average crystal size. 
Annealing was done in two steps: first at 55 °C for 1 minute and then for 10 minutes at 
100 °C. The resulting crystals of MAPbI3 located inside the trench have diameters of 
approximately 200 nm. In the last step chips were covered with 1.2 µm thick PMMA 
encapsulation layer. As a result a flipped upside down rib waveguide [24] is 
obtained(Fig. 2(d)). The SEM cross section of the coupling region of the fabricated devices is 
presented in Fig. 2(e). The spin-coated perovskite filled the groove up to 320 nm and left an 
excess layer of 120 nm on top of SiO2. The obtained waveguide supports TE and TM modes 
(calculated by finite difference method mode solver implemented in OptoDesigner by 
Phoenix Software), which are almost not interacting with the film on the surface (see insets in 
Fig. 2(e)).  
 
Fig. 2. Sketch of the fabrication process: (a) patterning of silicon nitride waveguide on SiO2, (b) deposition of SiO2 
cladding and planarization, (c) etching of trenches in SiO2, d) perovskite deposition via spin-coating. (e) SEM 
micrograph of the device cross section in the coupling region. Inset: TE and TM mode profile in the perovskite 
waveguide. 
With this method perovskite is applied at the end of the fabrication process and does not 
undergo any further processing apart from coating with a PMMA encapsulating layer. 
Therefore it will not be affected by the lithographic process, the cross-contamination risk is 
eliminated, and also, the type of perovskite used can be changed without need for major 
adjustments of pattering parameters or etching conditions. In principle, MAPbI3 can be 
replaced with perovskites emitting light at different wavelengths depending on the desired 
application or by any other solution processed material with sufficient refractive index 
contrast with respect to SiO2. Because trenches are etched in the cladding layer, which is the 
last step of an photonic integrated circuit fabrication our method can be easily combined with 
existing silicon nitride PIC [25] process flows. 
 
4. Experimental setup 
The measurement scheme used to collect the emitted light generated either in the racetrack 
resonator or in the excess perovskite layer on top of SiO2 is shown in the Fig. 3(a). The 
material was pumped from the top with 120 fs laser pulses at 645 nm focused by a 15 cm 
lens. The beam was generated by a laser system consisting of a mode-locked Ti:sapphire 
oscillator (Coherent Micra) in conjunction with a regenerative amplifier (Coherent RegA 900) 
and an optical parametric amplifier (Coherent 9450). The samples were positioned on a 
sample chuck mounted on a XY micrometer stage and held by vacuum. To enable alignment 
of the optical fiber end to the sample edge, a microscope was positioned above the sample, 
equipped with a 20x objective with a working distance of 1.5 cm. This forced the pump beam 
to be directed at an angle of ~55° causing a reflection of 10% of the incoming power. We 
calculated the Gaussian spot size of the elliptically shaped laser spot to be 2477 µm
2
, using an 
image of photoluminescence from the excited perovskite. The output was collected by end-
fire coupling to a step index multimode fiber (Thorlabs, core 50 µm, 0.22 NA). A multimode 
fiber was used to  relax alignment tolerances, because samples were cleaved by hand after 
deposition of perovskite resulting in uneven edges. Spectra were measured by a Maya2000 
Pro (Ocean optics) spectrometer with 0.4 nm resolution and integration times ranging from 10 
to 50 ms. All samples were measured in air at room temperature.  
 
Fig. 3. (a) Measurement setup. (b) Schematic of ASE measurement. The pump beam is moved away from the 
resonator together with the optical fiber to collect light from the perovskite thin film. (c) Schematic view of end-fire 
coupling to the laser output. The pump beam (outlined) is focused onto the resonator while the optical fiber is aligned 
to the silicon nitride waveguide. 
5. Characterization of the laser 
Prior to the characterization of the perovskite resonators we have excited the thin perovskite 
excess film and collected the generated light from the sample edge (Fig. 3(b)). At low pump 
power we observed a broad photoluminescence spectrum peaking around 770 nm. After 
reaching an excitation fluence of 29.4 µJcm
-2
 the typical, spectrally narrowed feature of ASE 
appeared around 790 nm (Fig. 4(a)). Upon increasing excitation power the ASE peak shifted 
slightly to longer wavelengths due to band gap renormalization at high excitation 
densities [26]. When the pump beam was focused on a resonator and the multimode fiber was 
aligned to collect light from the silicon nitride waveguide (Fig. 3(c)), we could observe the  
 Fig.  4. (a) ASE spectra of the perovskite thin film. Inset: Peak intensity vs. pump fluence. (b) Emission spectra of the 
integrated perovskite laser (R = 15 µm, L = 6.7 µm) at different excitations Inset: peak intensity vs. excitation fluence 
with a threshold of 19.6 µJcm-2. (c) Image of photoluminescence from excited racetrack resonator. The scattered light 
of the pump beam was removed with an optical longpass filter. (d) Comparison of emission spectra of resonators 
with L = 2.5 µm and L= 11µm pumped just above the threshold. 
formation of narrow lasing modes upon increasing the excitation power (Fig. 4(b)). Lasing 
can be recognized [27] by narrowing of the emission spectrum as well as by a clear threshold 
in the peak emission intensity curve at 19.6 µJcm
-2
 (inset of Fig. 4(b)) for ring resonators with 
a 6.7 µm long coupling section. At excitation fluences higher than 65 µJcm
-2
 the gain starts to 
saturate. A resonant mode pattern can be seen in the microscope image of the pumped 
resonator (Fig. 4(c)). A comparison with the ASE characteristics obtained from the thin 
perovskite film (inset in Fig. 4(a)) reveals a significant difference in the output intensity 
curves. The signal from the laser resonator shows a much steeper slope by over two orders of 
magnitude due to positive feedback of the resonant cavity, which is an additional indication 
of lasing.  
Above 21.8 µJcm
-2
 additional modes of the ring cavity reached their threshold and 
appeared in the spectrum at 784.6 nm and 791.5 nm (Fig. 4(b)). Upon further increase of 
excitation, we observed that the mode at 791.5 nm exceeded the intensity of the center mode 
(788.5 nm), due to red shifting of the gain region of the emission spectrum observed as 
shifting of ASE described earlier. Additionally, the appearance of a mode at 789.3 nm at the 
excitation of 28.3 µJcm
-2
 was observed, which can be caused by interaction of the modes due 
to scattering at the grain boundaries between crystalline domains of the perovskite. Fig. 4(d) 
depicts the spectral mode distribution of lasers with coupling lengths of L = 2.5 µm and L= 
11 µm. The average FSR is 1.73 nm and 1.42 nm respectively, which follows the dependency 
of the FSR on the resonator length. Devices were measured across several chips with 
consistent results, indicating that the fabrication technique provides reliable devices. The laser 
was pumped with 120 fs-pulses, therefore it did not reach steady state in which a single mode 
would be expected to win over the other modes. Photoluminescence background collected 
from the Si3N4 waveguide was much weaker than in the ASE measurement at wavelengths 
shorter than 780 nm due to reabsorption in the perovskite ring because the absorption 
coefficient of MAPbI3 raises significantly for wavelengths < 780 nm [22]).  
The Q factors of the lasing modes just above the threshold, approximated by Lorentzian 
fitting, were in the range of 600 to 650 while at higher pump fluencies they dropped to values 
from 100 to 300. This implies high propagation losses in the perovskite waveguide. The 
microscope image (Fig. 4(c)) confirms these findings, as it shows strong scattering in the 
resonator caused by grain boundaries and the rough surface of the MAPbI3 waveguide. Based 
on the approximate resonator Q factor values, assuming low bending loss (0.1 dB/90° bend) 
and a 1% coupling efficiency of the perovskite to the silicon nitride coupler, the propagation 
loss of the perovskite waveguide was calculated to be 18.5 dBcm
-1
. The modal net gain 
coefficient is therefore ~70 cm
-1
, which is in the range reported in [28]: 40-250 cm
-1
, and led 
to lasing despite very high propagation losses in the perovskite waveguide.  
6. Summary 
We presented the first - to the best of our knowledge - perovskite laser integrated with a 
silicon nitride photonic integrated circuit. Light generated in the perovskite racetrack 
microresonator was coupled into a silicon nitride waveguide and measured by end fire 
coupling to a multimode fiber. The achieved lasing threshold of 19.6 µJcm
-2
 is in the range of 
the reported values of thin film MAPbI3 lasers [9,29]. We manufactured perovskite racetrack 
resonators by a fabrication method, which bypasses the incompatibility of perovskites with 
most of top-down patterning techniques. In addition, the throughput of our method is many 
times higher than already reported patterning by e-beam [10] or focused ion beam (FIB) [30]. 
Also, perovskite is deposited last therefore it is not affected by the patterning process. The 
perovskite composition can be altered without need for any change in the PIC fabrication 
process flow making it a valuable material testing platform.  
Quality factors of the resonators, and thus the laser threshold, can be improved by 
lowering scattering losses through reduction of the crystal size of the perovskite [31]. The 
wavelength can be tuned to the telecommunication standard of 850 nm by using tin based 
perovskites [32]. In conjunction with future developments of electrical injection, our 
prototypes are one step forward towards a cost-effective, solution processed, industry relevant 
on chip laser on a dielectric photonic platform. 
Funding  
European Union’s Horizon 2020 research and innovation programme under the Marie 
Sklodowska-Curie grant agreement No 643238 (Synchronics) and PPP No 688166 
(Plasmofab). 
References 
 
1.  H.-S. Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl, A. Marchioro, S.-J. Moon, R. 
Humphry-Baker, J.-H. Yum, J. E. Moser, M. Grätzel, and N.-G. Park, "Lead Iodide 
Perovskite Sensitized All-Solid-State Submicron Thin Film Mesoscopic Solar Cell 
with Efficiency Exceeding 9%," Sci. Rep. 2, 591 (2012). 
2.  M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, and H. J. Snaith, "Efficient 
hybrid solar cells based on meso-superstructured organometal halide perovskites," 
Science (80-. ). 338, 643–647 (2012). 
3.  X. Y. Chin, D. Cortecchia, J. Yin, A. Bruno, and C. Soci, "Lead iodide perovskite 
light-emitting field-effect transistor," Nat. Commun. 6, 7383 (2015). 
4.  H. Cho, S.-H. Jeong, M.-H. Park, Y.-H. Kim, C. Wolf, C.-L. Lee, J. H. Heo, A. 
Sadhanala, N. Myoung, S. Yoo, S. H. Im, R. H. Friend, and T.-W. Lee, "Overcoming 
the electroluminescence efficiency limitations of perovskite light-emitting diodes," 
Science (80-. ). 350, 1222–1225 (2015). 
5.  S. A. Veldhuis, P. P. Boix, N. Yantara, M. Li, T. C. Sum, N. Mathews, and S. G. 
Mhaisalkar, "Perovskite materials for light-emitting diodes and lasers," Adv. Mater. 
28, 6804–6834 (2016). 
6.  F. Deschler, M. Price, S. Pathak, L. E. Klintberg, D.-D. Jarausch, R. Higler, S. 
Hüttner, T. Leijtens, S. D. Stranks, H. J. Snaith, M. Atatüre, R. T. Phillips, and R. H. 
Friend, "High photoluminescence efficiency and optically pumped lasing in solution-
processed mixed halide perovskite semiconductors," J. Phys. Chem. Lett. 5, 1421–
1426 (2014). 
7.  H. Zhu, Y. Fu, F. Meng, X. Wu, Z. Gong, Q. Ding, M. V Gustafsson, M. T. Trinh, S. 
Jin, and X.-Y. Zhu, "Lead halide perovskite nanowire lasers with low lasing 
thresholds and high quality factors.," Nat. Mater. 14, 636–642 (2015). 
8.  Q. Zhang, S. T. Ha, X. Liu, T. C. Sum, and Q. Xiong, "Room-temperature near-
infrared high-Q perovskite whispering-gallery planar nanolasers," Nano Lett. 14, 
5995–6001 (2014). 
9.  Y. Jia, R. A. Kerner, A. J. Grede, A. N. Brigeman, B. P. Rand, and N. C. Giebink, 
"Diode-pumped organo-lead halide perovskite lasing in a metal-clad distributed 
feedback resonator," Nano Lett. 16, 4624–4629 (2016). 
10.  N. Zhang, W. Sun, S. P. Rodrigues, K. Wang, Z. Gu, S. Wang, W. Cai, S. Xiao, and 
Q. Song, "Highly reproducible organometallic halide perovskite microdevices based 
on top-down lithography," Adv. Mater. 29, 1606205 (2017). 
11.  V. Sarritzu, M. Cadelano, N. Sestu, D. Marongiu, R. Piras, X. Chang, F. Quochi, M. 
Saba, A. Mura, and G. Bongiovanni, "Paving the way for solution- processable 
perovskite lasers," Phys. Status Solidi Curr. Top. Solid State Phys. 1033, 1028–1033 
(2016). 
12.  L. Zhuang, D. Marpaung, M. Burla, W. Beeker, A. Leinse, and C. Roeloffzen, "Low-
loss, high-index-contrast Si3N4/SiO2 optical waveguides for optical delay lines in 
microwave photonics signal processing," Opt. Express 19, 23162–23170 (2011). 
13.  Y. De Yang, Y. Li, Y. Z. Huang, and A. W. Poon, "Silicon nitride three-mode 
division multiplexing and wavelength-division multiplexing using asymmetrical 
directional couplers and microring resonators.," Opt. Express 22, 22172–22183 
(2014). 
14.  X. Tu, J. Song, T.-Y. Liow, M. K. Park, J. Q. Yiying, J. S. Kee, M. Yu, and G.-Q. Lo, 
"Thermal independent Silicon-Nitride slot waveguide biosensor with high 
sensitivity," Opt. Express 20, 2640 (2012). 
15.  D. A. B. Miller, "Device requirements for optical interconnects to silicon chips," 
Proc. IEEE 97, 1166–1185 (2009). 
16.  D. J. Moss, R. Morandotti, A. L. Gaeta, and M. Lipson, "New CMOS-compatible 
platforms based on silicon nitride and Hydex for nonlinear optics," Nat. Photonics 7, 
597–607 (2013). 
17.  M. J. R. Heck and J. E. Bowers, "Energy efficient and energy proportional optical 
interconnects for multi-core processors: driving the need for on-chip sources," IEEE 
J. Sel. Top. Quantum Electron. 20, 332–343 (2014). 
18.  M. Piels, J. F. Bauters, M. L. Davenport, M. J. R. Heck, and J. E. Bowers, "Low-loss 
silicon nitride AWG demultiplexer heterogeneously integrated with hybrid III–
V/silicon photodetectors," J. Light. Technol. 32, 817–823 (2014). 
19.  W. Xie, Y. Zhu, T. Aubert, Z. Hens, E. Brainis, and D. Van Thourhout, "On-chip 
hybrid integration of silicon nitride microdisk with colloidal quantum dots," IEEE Int. 
Conf. Gr. IV Photonics GFP 2015–Octob, 159–160 (2015). 
20.  A. Sharenko and M. F. Toney, "Relationships between lead halide perovskite thin-
film fabrication, morphology, and performance in solar cells," J. Am. Chem. Soc. 
138, 463–470 (2016). 
21.  J. R. C. Smirnov, Q. Zhang, R. Wannemacher, L. Wu, S. Casado, R. Xia, I. 
Rodriguez, and J. Cabanillas-González, "Flexible all-polymer waveguide for low 
threshold amplified spontaneous emission," Sci. Rep. 6, 34565 (2016). 
22.  P. Loeper, M. Stuckelberger, B. Niesen, J. Werner, M. Filipic, S.-J. Moon, J.-H. Yum, 
M. Topic, S. De Wolf, and C. Ballif, "Complex refractive index spectra of 
CH3NH3PbI3 perovskite thin films determined by spectroscopic ellipsometry and 
spectrophotometry," J. Phys. Chem. Lett. 6, 66–71 (2015). 
23.  N. J. Jeon, J. H. Noh, Y. C. Kim, W. S. Yang, S. Ryu, and S. Il Seok, "Solvent 
engineering for high-performance inorganic-organic hybrid perovskite solar cells.," 
Nat. Mater. 13, 1–7 (2014). 
24.  L. Vivien, F. Grillot, E. Cassan, D. Pascal, S. Lardenois, A. Lupu, S. Laval, M. 
Heitzmann, and J. M. Fédéli, "Comparison between strip and rib SOI 
microwaveguides for intra-chip light distribution," Opt. Mater. (Amst). 27, 756–762 
(2005). 
25.  A. Z. Subramanian, P. Neutens, A. Dhakal, R. Jansen, T. Claes, X. Rottenberg, F. 
Peyskens, S. Selvaraja, P. Helin, B. DuBois, K. Leyssens, S. Severi, P. Deshpande, R. 
Baets, and P. Van Dorpe, "Low-loss singlemode PECVD silicon nitride photonic wire 
waveguides for 532-900 nm wavelength window fabricated within a CMOS pilot 
line," IEEE Photonics J. 5, 2202809 (2013). 
26.  A. R. Srimath Kandada and A. Petrozza, "Photophysics of hybrid lead halide 
perovskites: the role of microstructure," Acc. Chem. Res. 49, 536–544 (2016). 
27.  I. D. W. Samuel, E. B. Namdas, and G. a. Turnbull, "How to recognize lasing," Nat. 
Photonics 3, 546–549 (2009). 
28.  G. Xing, N. Mathews, S. S. Lim, N. Yantara, X. Liu, D. Sabba, M. Grätzel, S. 
Mhaisalkar, and T. C. Sum, "Low-temperature solution-processed wavelength-
tunable perovskites for lasing.," Nat. Mater. 13, 476–80 (2014). 
29.  M. Saliba, S. M. Wood, J. B. Patel, P. K. Nayak, J. Huang, J. A. Alexander-Webber, 
B. Wenger, S. D. Stranks, M. T. Hörantner, J. T.-W. Wang, R. J. Nicholas, L. M. 
Herz, M. B. Johnston, S. M. Morris, H. J. Snaith, and M. K. Riede, "Structured 
organic-inorganic perovskite toward a distributed feedback laser," Adv. Mater. 28, 
923–929 (2016). 
30.  M. S. Alias, I. Dursun, D. Shi, M. I. Saidaminov, E. M. Diallo, D. Priante, T. K. Ng, 
O. M. Bakr, and B. S. Ooi, "Focused-ion beam patterning of organolead trihalide 
perovskite for subwavelength grating nanophotonic applications," J. Vac. Sci. 
Technol. B, Nanotechnol. Microelectron. Mater. Process. Meas. Phenom. 33, 51207 
(2015). 
31.  Q. A. Akkerman, M. Gandini, F. Di Stasio, P. Rastogi, F. Palazon, G. Bertoni, J. M. 
Ball, M. Prato, A. Petrozza, and L. Manna, "Strongly emissive perovskite nanocrystal 
inks for high-voltage solar cells," Nat. Energy 2, 16194 (2016). 
32.  M. L. Lai, T. Y. S. Tay, A. Sadhanala, S. E. Dutton, G. Li, R. H. Friend, and Z.-K. 
Tan, "Tunable near-infrared luminescence in tin halide perovskite devices," J. Phys. 
Chem. Lett. 7, 2653–2658 (2016). 
 
